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2nd Annual RaDIATE Collaboration Meeting Report
P. Hurh, RaDIATE program manager
June 19, 2015
Introduction
On May 19 and 20 of 2015 the second annual “in-person” RaDIATE Collaboration Meeting was held at Rutherford Appleton Laboratory (May 19) and the University of Oxford’s Department of Materials (May 20) in the United Kingdom. The meeting included presentations of material and results relevant to the RaDIATE collaboration, discussions of several issues of interest and ideas for possible future collaborative activities. The meeting also included tours of the ISIS facility at RAL, a remote handling demonstration at Oxford Technologies, and the materials science laboratory facilities at University of Oxford. The meeting was well attended by 35 participants from 17 institutions and considered very successful. Agenda and presentations have been collected via an Indico web-page (https://indico.cern.ch/event/375302/). This document will provide an overview of the meeting including presentation and discussion highlights as well as an action item list to initiate near-term collaboration activities.
Objectives
Although each participant probably came to the meeting with specific and possibly different objectives for their participation in the meeting, the RaDIATE program manager outlined a few overall objectives for the meeting that would help guide discussions. These were introduced in the opening Collaboration status talk by P. Hurh as:
· Learn about:
· recent results from ongoing studies RaDIATE related studies
· new techniques for PIE (post-irradiation examination)
· what has been done to extrapolate macro-scale material behavior from micro-scale measurements
· Discuss:
· methods to validate/correlate Monte Carlos codes with actual measurements for DPA (displacements per atoms) and gas production (Helium and Hydrogen)
· methods to correlate/simulate High Energy irradiations with Low Energy ion irradiations
· ideas to test irradiated materials under pulsed beam loading
· Plan and Organize:
· near-term experiments that shed light on both fundamental correlation/validation issues as well as application-specific material behavior data
Presentation Highlights
Invited presentations were given on both days. Agenda and slides are available on the Indico web-page (https://indico.cern.ch/event/375302/). Some highlights of each presentation are given here. Interesting discussion points arising from the talks are listed in the next section.
· RaDIATE Collaboration Welcome Address – J. Womersley, CEO, STFC
· Chief Executive Officer for the UK’s Science and Technology Facilities Council, Professor John Womersley, gave a very nice welcome to the RaDIATE collaboration meeting participants and reminded us how important and critical it is to meet the challenges of engineering accelerator target facilities for the future of science with the most fundamental challenge being radiation damage effects in materials.
· RaDIATE Collaboration Meeting Introduction – C. Densham, STFC
· Dr. Chris Densham (RAL-STFC) welcomed the participants in a brief introduction of the sessions and planned discussion periods as well as the planned tours.
· RaDIATE Collaboration Status and Meeting Objectives – P. Hurh, FNAL
· Mr. Patrick Hurh (FNAL) described the status of various administrative RaDIATE activities:
· Over the past year, the RaDIATE collaboration held video conference meetings once every 2 months on average.
· The MOU has been revised to add 6 more participating institutions. The revision is completely signed, approved, and in place. The participating institution list is now:
· Fermi National Accelerator Laboratory (FNAL)
· Science and Technology Facilities Council (STFC)
· University of Oxford (Oxford)
· Brookhaven National Laboratory (BNL)
· Pacific Northwest National Laboratory (PNNL)
· Los Alamos National Laboratory (LANL)
· Argonne National Laboratory (ANL)
· Michigan State University (MSU)
· Oak Ridge National Laboratory (ORNL)
· European Spallation Source (ESS)
· Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas (Center of Energy, Environmental and Technological Research; CIEMAT)
· In the next few months: 
· The Collaboration Council members for the new participating institutions will be confirmed.
· The “master original” of the MOU revision will be distributed to the participating institutions.
· Accounts for Collaboration Council members will be set up to allow access to non-public documents on the RaDIATE web-site.
· Objectives and goals for the RaDIATE Collaboration meeting were presented (see above).
· Material Studies Status Summary – S. Roberts, Oxford
· Professor Steve Roberts (Oxford) presented slides prepared by four materials groups as an overview or summary of current RaDIATE-related work
· Titanium alloys
· Ti alloy research at BNL, including EDXRD of irradiated Ti alloys under load (N. Simos)
· Ti alloy T2K primary beam window loading and irradiation environment description (M. Fitton)
· Ti alloy irradiation damage overview of past work (B. Britton)
· Ti alloy irradiation for FRIB (A. Amaroussia)
· Graphite
· Graphite stripper foil irradiation damage work for FRIB/NSCL and high temperature annealing studies in graphite (F. Pellemoine)
· Graphite irradiation research at BNL, including CTE, tensile, sonic velocity, electrical resistivity and EDXRD of irradiated graphite grades (N. Simos)
· Beryllium
· Beryllium studies underway at Oxford including “as-received” characterization, examination of NuMI irradiated Be primary beam window, and ion irradiation experiments performed and planned (V. Kuksenko)
· Tungsten
· Description of ISIS target station 1 heavily irradiated tungsten core available for examination including simulation results for DPA, temperature, and activity over time (T. Davenne)
· Methods for Studying Radiation Damage Effects – S. Roberts, Oxford
· Presented a high level overview of radiation damage effects and the convoluted inter-dependencies, primarily from the viewpoint of fusion power
· Introduced various techniques to study radiation damage effects concentrating mainly upon ion irradiation simulation of higher energy irradiations and microscopy and micro-mechanics techniques
· Made a case for the benefits of proton irradiation for radiation damage studies primarily due to uniform damage profile through a high depth of penetration
· NuMI Beam Window Materials Tests – V. Kuksenko, Oxford
· Presented results of “as-received” Be material studies using techniques of Atom Probe Tomography (APT), Electron Back Scatter Diffraction (EBSD), nano-indentation:
· Industrial Be is an impure alloy with relatively pure grains, but strongly “alloyed” grain boundaries
· Mechanical properties are highly anisotropic
· Presented initial results of studying the NuMI proton irradiated beam window
· Profilometry indicates relatively high degree of thickness increase (possibly swelling)
· Cracks created during window recovery reveal both intra and inter –granular propagation, but not into the unirradiated region
· Future testing plans include APT, TEM and nano-indentation studies
· Graphite and Ti alloy radiation damage tests – C. Boehlert, MSU
· Titanium Alloy testing
· Ti 6Al-4V was irradiated in several tests from fractions of a DPA up to 8 DPA
· A new alloy, Ti 6Al-4V-1B was also investigated
· The analyzed hardness and nano-indentation suggest a higher irradiation damage resistivity in the two studied Ti-alloys than reported in literature for Ti-6Al-4V.
· Slight differences in the microstructure caused by the thermomechanical processing may be responsible for this difference.
· 1% boron addition to Ti-6Al-4V didn’t degrade the radiation resistance
· Ongoing and Future work: 
· Irradiation creep test
· In-situ tensile tests and slip trace analysis: Deformation mechanisms
· X-ray diffraction: Investigate phase transformation
· Effect of the microstructure on the irradiation damage in Ti-alloys
· Graphite testing
· Heavy-ion irradiation tests and annealing studies performed in the context of high-power target and strippers for high intensity accelerator were performed 
· High temperature annealing of heavy-ion induced radiation damage observed in production target
· First experiment of this kind
· Confirmed by several analysis 
· Graphite as a material for FRIB beam production targets promises sufficient lifetime 
· High temperature annealing of heavy-ion induced radiation damage observed in NSCL strippers 
· Spallation Neutron Source (SNS) Post-Irradiation Examination (PIE) – D. McClintock, ORNL
· Presentation described the SNS target operation and current status of “autopsy” and PIE
· Samples (SS 316L) cut remotely using creative, custom tooling at SNS
· Samples tested at US Engineering Company (Babcock & Wilcox Technical Services)
· One tensile pull exhibited abnormal “deformation wave” behavior
· Appreciable ductility was observed in tensile specimens from Targets 1 and 2 irradiated up to 6-7 dpa
· Radiation-induced changes in tensile properties were consistent with results in literature
· A large population of non-metallic inclusions were observed in material from Targets 1 and 2
· Machining features on target surfaces were found to be initiation sites for cavitation-induced erosion
· The protective Kolsterising layer was found to be stable after 4-5 dpa
· Leak locations in Targets 10 and 11 were identified 
· Future work will include further PIE of leak locations in Targets 10 and 11 and measurement of Hydrogen and Helium content
· Niobium Chamber Failure – P. Hosemann, University of California at Berkeley
· A presentation of a failure analysis of a niobium chamber used in isotope production at the LANSCE Isotope Production Facility.
· Possible contributing factors to failure:
· Fabrication deficiencies
· Liquid Metal Embrittlement (Ga at crack tips)
· Irradiation damage (significant hardening at ~0.3 DPA)
· Ruled out factors:
· Inherent defects
· Pressure overload
· Hydrogen embrittlement
· Thermal fatigue
· Other highlights:
· We find that the outside of the IPF target showd only one crack. The crack itself is trans -crystalline in nature. The material around the crack exhibits a ductile like behavior. However, it appears the initial scratch occurred before exposure 
· The Ga facing side shows a large number of fine surface cracks around the main crack. Some phase contrast is present in machining scratches. The inside of the main crack does also look trans-crystalline. 
· Deep Ga filled very fine cracks can be found in the material cut from the inside of the target. EDS confirmed Ga. The Ga content is significantly more than what would be expected from FIB damage. 
· The Ga crack tip seems to be inter-crystalline. 
· Cold work and/or irradiation assisted liquid metal embrittlement 
· Mitigation: Minimize cold work in the target material due to fabrication, coating of the target with ceramic liner. 
· Further study of the phenomena: Scientific clean Nb exposure in Ga should be evaluated 
· Latest Radiation Damage Test Results at BLIP (Brookhaven Linac Isotope Producer) – N. Simos, BNL
· Beryllium
· Unirradiated beryllium characterization showed twinning deformation mechanism
· Irradiated Be shows little change in CTE up to 0.6E20 protons per cm2 fluence
· EDXRD of irradiated Be under 4 pt bending shows some evidence of twinning
· Samples of irradiated Be (200 MeV) followed by neutron irradiation remain untested
· Graphite
· Irradiated graphite grades include:
· Reactor-grade graphite (IG-43, IG-430) under fast neutrons and protons 
· Carbon fiber composites (2D C/C and 3D C/C) + SiC/SiC 
· HP Target bound graphite (LBNE) – 4 grades (POCO, IG-430, Carbone and R7650) 
· Newly developed structures such as Mo-GR 
· Annealing studies indicated that most effects will anneal out at temperatures higher than irradiation temperature, except for observed changes in modulus of elasticity
· EDXRD studies indicate that crystal lattice parameter changes occur at much less fluence (DPA) for HE protons than fast neutrons (factor of 10)
· Titanium alloys (TI 6Al-4V and “Gum metal” Ti-21Nb 0.7Ta 2Zr 1.2O)
· Gum metal lost its super-ductility upon irradiation
· Ti 6Al-4V exhibited loss of ductility and strengthening as expected at 0.2 DPA
· EDXRD studies were performed
· Tungsten and other Refractory Metals
· Tungsten, Tantalum and Molybdenum irradiated with 200 MeV protons at BLIP and 28 MeV protons at the BNL Tandem
· Tungsten showed loss of ductility at 0.2-2 DPA (400C irradiation temperature)
· EDXRD studies were performed, showing indications of meta-stable beta phase
· Future work includes more Tandem irradiations and tests of fracture toughness and crack tip phase transformations
· MIAMI Radiation Test Plans – V. Kuksenko, Oxford
· He implantation/irradiation at 18 keV and 50 C was performed at the MIAMI facility
· Not much was seen in situ, no evidence of bubble formation up to 8,000 appm/2 DPA
· Post-irradiation expert help was employed to determine very small dislocation loops existed (less than 10 nm)
· Future work includes:
· Finish the ex-situ analysis (dislocations, bubbles, precipitates)
· Repeat 50°C irradiation up to 0.5 dpa (NuMI conditions)
· Perform irradiations at 200°C (future LBNF conditions)
· H and Li irradiations
· High-energy implantation
· In addition to MIAMI studies, studies are planned at Surrey
· 2 MeV enables 7.5 um depth and doses up to 1 DPA
· Enables micro-mechanical tests and APT, TEM, etc
· ISIS Tungsten Studies – T. Davenne, STFC
· Could a used ISIS target provide fusion relevant irradiated tungsten material properties?
· The design of the TS1 Tungsten core target was described
· The results of FLUKA analysis for DPA and energy deposition were reported (210 micro-Amp)
· Peak DPA/yr ~50
· Peak W/m3 ~5E8
· Calculations done with ANSYS-CFX indicate peak temperature of 207 C
· Comparison of neutron spectrum for fusion reactor with ISIS TS1 tungsten core
· Future work includes doing actual PIE on activated TS1 tungsten and calculation and comparison of gas production (He and H) for TS1 tungsten and fusion reactor applications
· Irradiated T2K Ti alloy materials test plans – T. Ishida (KEK)
· Description of the T2K primary beam window (Ti 6Al-4V) design and loading environment was presented
· Radiation damage work to study Ti alloys for this application include:
· Design and construction of a compact fatigue testing device to test irradiated specimens in a hot cell
· An irradiation run at BLIP and subsequent PIE at RaDIATE facilities (in coordination with other RaDIATE material studies irradiated in the same BLIP run)
· PIE of irradiated OTR foils from T2K beamline, possibly including micro-mechanical studies/techniques
· New STIP PIE on Tungsten – Y. J. Lee, ESS
· A description of the accelerator and beam parameters for the ESS was presented
· The rationale for choosing pure tungsten for the target material was presented
· A series of STIP (PSI, STIP run III, V, VI & VII) tungsten specimens PIEs are planned. 
· The PIEs will be supplemented by small-scale cold and hot materials tests.
· Fatigue tests
· Oxidation tests in inert gas
· Thermal cycling tests
· Coating evaluation
· Tungsten release factor 
· Conceptual design of irradiation modules at the future ESS are under way.  – A low budget modules will be realized during the construction phase. 
· Conceptual design of PIE cells at the future ESS are under way. – Space allocation with appropriate preparation for the floor  loading will be done during the construction phase. 
· The feasibility/justification of chip irradiation facility at ESS is under investigation.
· HiPSTER/FETS possibilities at RAL – C. Densham, STFC
· Concept of using the currently being constructed/commissioned FETS (Front End Test Stand) at Rutherford Appleton Laboratory (RAL-STFC) to provide 3 MeV proton high current (6 mA) for radiation damage studies was presented
· HIPSTER (High Intensity Proton Source for Testing Effects of Radiation)
· Issues include pulsed beam, thermal management, lack of transmutation products and depth of penetration
· Promising for many applications, especially high current nature of accelerator
· Can deliver beam currents in excess of any existing irradiation facilities 
· High dpa rates with manageable power density 
· Deep enough irradiation to access bulk material properties 
· Complementary e.g. to Birmingham Dynamitron 
· Complementary (and a LOT cheaper) than proposed future facilities (TRITON, DCF, FAFNIR, IFMIF...) 
· Proposal driven by fission and fusion materials community 
· Support from senior UK lab management (RAL and Culham)
· On table for joint UK Research Council ‘fusion for energy’‛ strategy 
· Proposal submitted to NNUF in July 2014 
· Birmingham Dynamitron – B. Connolly, University of Birmingham
· Presented plans to upgrade the already very capable irradiation facility at Birmingham
· Presentation not uploaded yet
· MIAMI II – S. Donnelly, University of Huddersfield
· Presented plans to upgrade the in-situ TEM He ion irradiation facility at Huddersfield
· Presentation not uploaded yet
Discussion Highlights
Discussion sessions were held on both days in addition to question and answer periods after each presentation. Some discussions included slides prepared by participants and many of these are available on the Indico web-page (https://indico.cern.ch/event/375302/). Some highlights of the discussions are given here grouped into four major areas.
· Methods to validate MC codes prediction of DPA and gas (He and H) production
· As discussed in previous RaDIATE meetings, several different methods of calculating DPA and gas production are being used. Differences between ASTM standard calculation and Monte Carlos based numerical methods, such as MCNP and MARS, have been well documented. Such differences will be accounted for in future versions of MARS so that DPA can be calculated either by ASTM standard or by more physically accurate methods currently employed.
· However, it has been noted that the various MC codes often do not agree with each other in certain energy ranges for calculation of DPA as well as gas production, although the same cross-section libraries are often used. This has raised the question of how to validate or benchmark the codes with measurements and cross-check them with each other.
· Cross-comparison studies
· P. Hurh presented some results from preliminary studies conducted by K. Ammigan and B. Hartsell at FNAL and D. Wootan at PNNL. The cases compared included 1 mm thick tungsten irradiated with 3 MeV to 1 GeV proton beam with MARS and MCNP. Differences varied from a factor of 4 higher for DPA (MARS>MCNP) to a factor of 10 higher for gas production (MCNP>MARS). Note that the version of MARS used was only partially updated by the developer (N. Mokhov, FNAL) and should not be used for publication. MARS should be updated by the end of this summer and cases should be run again for comparison.
· P. Hurh suggested creating a table of cases to be run by MC code experts at RaDIATE participating institutions so that “apples to apples” comparisons can be made. Several individuals at the meeting stated interest in participating in this cross-comparison study.
· Benchmark/Validation to measurement studies
· DPA
DPA cannot be directly measured accurately, only the effects on various material properties. Several ideas were offered during the course of the collaboration meeting.
· N. Simos (BNL) suggesting measuring the crystal lattice parameters of graphite using EDXRD. The idea is that the change in lattice parameters is directly related to the number of interstitial atoms created that then lay in the basal plane. This method is attractive by its straight forward approach, but may be complicated by the fact that interstitials may be annealed out during irradiation so saturation effects may make results hard to interpret.
· Another idea considered was to measure dislocation loop density in a well-researched material that has been exposed to various levels of proton irradiation and compare with that from published neutron irradiation studies. This holds promise as TEM does not require deep penetration so fairly high levels of DPA can be reached in a short period of time and activation of samples may be avoided. However this method may be complicated because other materials may behave quite differently under irradiation than the “standard” material chosen. Still this would be one way to “peg” the codes so that future studies can be compared to a baseline case.
· A final method was discussed very briefly that entails irradiating a very well-ordered material such as sapphire for a short period of time, and counting the single point defects. This was offered by C. English (NNL, Oxford) as a method used in the past. He has since identified some papers that used a similar method. This method is also attractive because of its simplicity, but has the same complications as in both the previous methods (annealing and/or overlapping disorder effects and material differences). However, if irradiations are done at low temperature and for a very short duration, a useful “peg” could also be possibly attained.
· Other suggestions for effects to study that are a direct indication of number of displacements are welcome!
· Gas Production
Gas production can be measured using various methods (primary testing method appears to be Thermal Desorption Spectrometry (TDS)). Complications can arise due to gas escaping the samples during irradiation. However, S. Kuksenko noted that studies had been done in the past at PSI that showed, what he remembered to be, close agreement between MCNP predictions and measured results. 
· B. Riemer noted that gas measurements from SNS target material (316L SS) would be made during the coming year as part of their ongoing PIE program. He offered the target pile geometry file (model) to those that may want to model the target using MC codes so that comparisons to measurements could be made.
· P. Hurh suggested including gas production samples in the next irradiation run at BLIP. Materials and geometries could be chosen to improve sensitivity accuracy of the testing method.
· Other suggestions or already published studies of gas production are welcome!
· BLIP irradiation run planning
· P. Hurh led a discussion regarding a RaDIATE led irradiation experiment at BLIP (BNL).
· Looking for input (materials, tests, samples, geometry, irradiation temperature, DPA, gas production, etc.) from the RaDIATE community. P. Hurh will distribute an excel spreadsheet where input can be collected
· After input is received, an experiment will be designed within the constraints of the BLIP facility
· Although the bulk of the funding for the irradiation run will likely be provided by Fermilab, it is expected that participants will contribute by helping design, model, and execute the irradiation run.
· Participants that have samples in the experiment will likely be expected to provide samples and arrange for PIE for their samples
· Micro-mechanics measurements correlation to bulk properties
· Although an objective of this meeting, aside from hearing about various micro-mechanics techniques, extending micro-mechanics to the macro-regime was not discussed at the meeting. This should be a topic of the next technical RaDIATE video conference meeting.
· New testing techniques
· Modification of AFM to measure localized elastic modulus
· D. Senor (PNNL) introduced a technique PNNL is pursuing to use an AFM capable of measuring elastic modulus with sub-micron resolution using appropriate displacement control 
· Photo-thermal radiometry to measure localized thermal diffusivity
· [bookmark: _GoBack]D. Senor (PNNL) introduced a technique PNNL is pursuing to use a heating and probe laser set to measure thermal waves in very thin layers of irradiated materials with spatial resolution of 10-100’s of microns. (slides on meeting indico web-page)
· Thermal fatigue using electron beam rastering
· Not presented at the main meeting, but discussed in a side-bar, S. Kuksenko came across a study published in 1997 where low cycle fatigue behavior of Be was studied using a 30 kW (30 kV, 1 A) electron beam at Sandia. The beam was swept across the samples creating localized temperature spikes of 750 C for each pass. Since this is similar to beam loading, could this be a technique to evaluate high cycle fatigue behavior? Does the 30 kV electron beam create radiation damage in the samples as well?
Conclusion
The second annual RaDIATE collaboration meeting was very successful. Almost all of the objectives were met and many participants expressed great satisfaction with the presentations and discussions. Directions forward for future RaDIATE work were determined. Consideration should be given to extending the meeting to a third day for 2016 as presented material and discussions surpassed the allotted time.

Many thanks to the meeting’s hosts, Dr. C. Densham (STFC) and Prof. S. Roberts (Oxford) for organizing and executing a very invigorating and useful collaboration meeting!
Appendix:	Action Items
The following is a list of action items and assignments identified at the collaboration meeting. It is not meant to be an exhaustive list but rather a reminder of short-term activities that are needed to sustain forward momentum on RaDIATE-related efforts.
· MOU and RaDIATE Collaboration administrative items
· Assemble “master original” of latest MOU revision and distribute to all Participants – P. Hurh, K. Ammigan (FNAL)
· Identify/confirm Collaboration Council membership (one Council member per Participant) – P. Hurh, K. Ammigan (FNAL)
· Distribute account information to Collaboration Council for access to protected download area on the RaDIATE web-site – P. Hurh, K. Ammigan (FNAL)
· Arrange July video-conference meeting, suggested topics of micro-mechanics to macro-properties validation/correlation and development of RaDIATE irradiation run at BLIP – P. Hurh, K. Ammigan (FNAL)
· Monte Carlos code comparison and validation/benchmarking items
· Develop and distribute comparison irradiation case parameters for review – P. Hurh, K. Ammigan (FNAL)
· Identify volunteers to model comparison irradiation case in various MC codes (FLUKA, MARS, MCNP) for DPA and gas production – P. Hurh, K. Ammigan (FNAL)
· Follow-up on various methods identified to validate MC codes with measurements (graphite lattice spacing, dislocation loop density, single-point defect counting) – P. Hurh, K. Ammigan (FNAL); N. Simos (BNL); S. Roberts, V. Kuksenko (Oxford); C. English (NNL); others welcome
· Follow-up on opportunity to model SNS target to compare with gas production measurements already planned – P. Hurh, K. Ammigan (FNAL); B. Riemer (SNS); others welcome
· Development of RaDIATE irradiation run at BLIP items
· Develop and distribute table of irradiation tests desired by RaDIATE community – P. Hurh, K. Ammigan (FNAL)
· Provide input into irradiation test parameter table (above) for a proton irradiation run at BLIP – All Participants
· Start basic modeling of anticipated materials for BLIP run to understand the specimen layout concept to meet energy requirements of isotope production targets – P. Hurh, K. Ammigan (FNAL), others welcome
· New techniques related items
· Follow-up on new techniques presented at the meeting (photo-thermal probe, e-beam thermal fatigue) – P. Hurh, K. Ammigan (FNAL); V. Kuksenko (Oxford); D. Senor (PNNL); others welcome
· Irradiated materials PIE opportunities
· FNAL NuMI NT-02 graphite fins – P. Hurh, K. Ammigan (FNAL)
· CERN Slow extraction Be rod targets – M. Calviani (CERN); P. Hurh, K. Ammigan (FNAL); V. Kuksenko (Oxford)
· BNL BLIP irradiated Be (and other materials) specimen from previous irradiations – N. Simos (BNL); P. Hurh, K. Ammigan (FNAL)
· T2K OTR Ti alloy foils – T. Ishida, T. Nakadaira (KEK); C. Densham (STFC); B. Britton (ICL); S. Roberts (Oxford); D. Senor (PNNL)
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